Structural changes of thoracic aorta (TA), carotid (CA) and iliac artery (IA) were assessed in Wistar and spontaneously hypertensive rats (SHR) aged 3, 17, and 52 weeks. Systolic blood pressure (sBP) was measured by plethysmography weekly. After 
Introduction
The efficiency of the cardiovascular system depends on the coordination of functional abilities and structural composition of the heart and particular sections of the arterial tree as a conduit and muscular and resistant arteries. During the age some peculiar pathological changes were revealed in spontaneously hypertensive rats (SHRs). They gradually enhance and contribute to the impairment of the cardiovascular system in the later age period. Structural modifications of the arterial wall significantly affect mechanical properties and functional effectiveness -i.e. the range of constriction and relaxation ability of the respective arteries to vasoactive signals and vice versa. They also determine the amplitude of pressure waves, as well as their propagation and reflection along the arterial tree (O'Rourke and Safar 2005 , Cosson et al. 2007 , Avolio et al. 2010 , Sviglerova et al. 2010 . Finally, they can result in an insufficient supply of the particular areas with nutrients. The beginning and causation of these alterations is not exactly established. There is a relative consensus that the main alteration in SHRs such as blood pressure (BP) increase and changes in the heart and arterial wall trophicity and function started from the about the 5 th week of age.
However, some authors have reported significant alterations in the cardiovascular system of SHRs compared with those in normotensive rats earlier in the prehypertension period (Dickhout and Lee 1997) . Nevertheless, there is a discrepancy regarding whether the structural and functional alterations in the heart and arterial wall of conduit arteries start simultaneously with Vol. 66 BP increase or whether the development of individual changes occur in consecutive order and whether they are uniform and with the same intensity in all arteries. Without answering these questions, the conclusions of studies based on the functional or structural investigation of only one type of artery often in various phases of ontogenic development and applying them to the other arteries or even to the whole cardiovascular system may lead to misinterpretation.
In the present study, we determined early pathological alterations in (i) systolic blood pressure, (ii) geometry, and (iii) structure of the walls of the thoracic aorta, carotid, and iliac artery of SHRs (in three ontogeny periods) from the prehypertensive age to adulthood and late adulthood.
Methods
Procedures were performed in accordance with institutional guidelines and were approved by the State Veterinary and Food Administration of the Slovak Republic and by an Ethical committee according to the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes, Directive 2010/63/EU of the European Parliament. All rats were housed under a 12 h light-12 h dark cycle, at a constant humidity (45-65 %) and temperature (20-22 °C) , with free access to standard laboratory rat chow and drinking water. The Institute of Normal and Pathological Physiology provided veterinary care.
Three groups (ten animals in each group) of Wistar rats and age-matched SHRs aged 3, 17, and 52 weeks were used for the study. Systolic blood pressure (sBP) was measured non-invasively in pre-warmed animals using the plethysmographic method on the tail artery each week from 3 to 17 weeks of age, and then at the end of the experimental age. Body weight was recorded at the same time. The geometry of the thoracic aorta and carotid and iliac arteries, as well as the structure of the thoracic aorta, was assessed at 3, 17, and 52 weeks of age. At the end of the experiment, the animals were sacrificed by an overdose of anaesthesia using ketamine (0.25 ml/100 g b.w.) and xylazine (0.1 ml/100 g b.w.) (Zentiva, Czech Republic) administered i.p. The chest was opened, a cannula was placed into the left ventricle, and the cardiovascular system was perfused at a constant pressure of 90 mm Hg (3-week-old rats) and 120 mm Hg (the rest of the groups) for 10 min with a fixative solution (300 mM glutaraldehyde in 100 mM phosphate buffer). The middle part of the thoracic aorta, iliac, and carotid artery were excised, cut to three segments, and immersed in the same fixative overnight, post-fixed with 40 mM OsO 4 in 100 mM phosphate buffer, stained en block with 1 % uranylacetate, dehydrated by a graded alcohol series and propylene oxide, and embedded in Durcupan ACM. Semi-thin sections from two randomly selected blocks were cut perpendicularly to the long axis and were stained with methylene blue. Both the wall thickness (tunica intima + tunica media) and length of inner circumference were measured by light microscopy. The wall thickness was measured at 45° intervals around the circumference of the artery and from the measured data mean value was calculated. The inner diameter, crosssectional area (tunica intima + tunica media), and wall thickness/inner diameter ratio were evaluated from these data. Thoracic aorta sections of approximately 70-nm thickness were cut on an ultramicrotome (Reichert Nova), stained with alkaline lead citrate and examined in a transmission electron microscope (Tesla BS 500). The volume densities (proportional representation) of endothelial cells (ECs), smooth muscle cells (SMCs), and extracellular matrix (ECM) in the tunica intima and media were determined by the Weibel et al. (1966) point counting method in electron microscopy. In short, the grid was placed on the respective section randomly and 5,000 points were counted. Three sections from two randomly selected blocks from vessels of control and SHR were processed in the same way (together 30,000 points were counted from each animal). From the volume densities, the areas of the ECs, SMCs, and ECM were counted. All of the results were expressed as means ± S.E.M. Measures were tested for significant differences with the unpaired Student`s t-test. A p<0.05 was considered to indicate statistical significance.
Results

Blood pressure values
In 3-week-old SHRs, the value of sBP (84.2±1.4 mm Hg) did not differ from that of age-matched Wistar rats (83±1.9 mm Hg). In the following weeks, the sBP of both SHRs and Wistar rats continuously increased, but the increment was steeper in SHRs. At the end of the 9 th week in age, the sBP was significantly higher in SHRs (154±1.4 mm Hg) than in Wistar rats 107±1.0 mm Hg). The SBP in 17-week-old SHRs (214±7.0 mm Hg) continued to be elevated, and it was significantly increased (p<0.01) compared with that in age-matched Wistar rats (114±1.4 mm Hg). In 52-week-old SHRs, the SBP (190±2.4 mm Hg) was elevated compared with that in age-matched Wistar rats (115±3.0 mm Hg). Nevertheless, its absolute value was lower than that in 17-week-old SHR. The changes in the sBP during ontogeny are demonstrated in Figure 1 . 
Geometry of the thoracic aorta
Structure of the thoracic aorta
The calculation of the CSAs of the three main components of the arterial wall (smooth muscle cells, extracellular matrix, and endothelial cells) based on their volume densities (proportional representation) in the thoracic wall revealed important discrepancies between SHRs and age-matched Wistar rats.
In In 17-week-old SHRs, the masses ( Figure 7 . Vol. 66
Geometry of the carotid artery
In 3-week-old SHRs, no differences were observed in the WT (27.77±0.97 We found that the wall thickness of the thoracic aorta and its CSA in the prehypertensive period were surprisingly lower in SHRs than in age-matched Wistar rats. In the carotid and coronary arteries (Cebova and Kristek 2011), no differences in this respect were observed between SHRs and Wistar rats. In the iliac artery and large mesenteric artery (Dickhout and Lee 2000) , even hypertrophy of the arterial wall was observed in 3-to 4-week-old SHRs compared to that in normotensive rats. Cunha et al. (1997) observed an increase in the wall thickness of the carotid artery in 5-week-old SHRs. Van Gorp et al. (2000) found a decrease in the CSA of the thoracic wall (absolute value) in 3-month-old SHRs compared to WKY rats, although the CSA was increased in 1.5-month-old SHRs, and no difference was found in 6-month-old SHRs. Chamiot-Clerc et al. (2001) observed an increase in the CSA of the thoracic aorta already from 3-week-old SHR compared to that in WKY rats. Unfortunately, they did not mention the body weight of the young animals. We suggest that the differences between our and their results could also be evoked by the different methodology used in the experiments. represented approximately 25 % in the thoracic aorta, 37 % in the iliac artery, 75 % in the carotid artery, and approximately 260 % in the coronary artery Kristek 2011, Kristek et al. 2003) . In the next ontogeny period (52 weeks), the WT and CSA continued to increase in all arteries, a finding that was also documented in other types of arteries (Clozel et al. 1989) .
In normotensive animals, the wall thickness of the thoracic aorta, and carotid and coronary (Cebova and Kristek 2011) arteries (not iliac artery) did not change in the course of ontogeny despite the increase in body weight (the body weight increased from 3-4 weeks to 52 weeks of age by nearly ten times). In SHR wall thickness increased in harmony with BP elevation. The inner diameter in both strains was continuously enlarged during ontogeny in concert with blood pressure elevation. The difference between normotensive rats and SHRs was found only in the prehypertensive period. In 3-week-old SHRs, the diameters of the aorta, and carotid and iliac arteries were smaller than those in Wistar rats; at about the 9 th week of age, the diameters reached the control values and did not differ from the controls during the next ontogeny period despite the different increments in BP elevation. In the coronary artery, the inner diameter continuously increased during the entire ontogeny (Cebova and Kristek 2011). We suggest that it could be evoked by different filling of the coronary artery compared to that of other arteries. Because the inner diameter in both strains increases concomitantly with age, we suppose that the inner diameter is determined beside the BP value also by the body weight. Thus, the decrease in the inner diameter in the thoracic aorta and carotid artery in the prehypertensive period in SHRs should be due to the decrease in the body weight. We suggest that, in later periods, this "body weight effect" in SHRs (they have a lower body weight in the whole experiment) could be compensated by a significant BP increase. Because the wall thickness of the thoracic aorta, and the carotid and coronary (Cebova and Kristek 2011) arteries in normotensive animals did not change in the course of ontogeny, the increase in the CSAs in Wistar rats was performed mainly due to the increment in the inner diameter. In SHRs, contrary to those in Wistar rats, both the wall thickness and inner diameter in the above arteries were enlarged and jointly contributed to the increase in the arterial wall mass during ontogeny. The relationship among the ID, WT and BP is important because they determine the circumferential stress (BP × ID/WT) that participates in the remodeling of the arterial wall (Thubricar and Robiscek 1995) . Considering LaPlace law, the WT increase in the SHR should be a compensatory effect against the increasing circumferential stress due to increased BP. A pronounced decrease in the WT/ID ratio in the aorta (compared to other arteries in SHRs and arteries of Wistar rats) in the prehypertensive period resulted in the increase in the circumferential stress on the arterial wall. The increased circumferential stress together with disorder in the wall structure could affect arterial wall stiffening, pulse wave, and cushioning function and could have a deleterious effect on the heart that can lead to hypertrophy of the heart in the prehypertensive period. Nevertheless, there is an open question regarding why TA is hypotrophic in prehypertensive period, and their branches are normotrophic or hypertrophic. In the muscular type of arteries, several authors have observed no structural changes or hypertrophy in the early ontogeny period in SHRs Lee 1997, Rizzoni et al. 2000) . In contrast, what was seen in the conduit arteries of SHRs (no changes or increase in ID) was observed in the small arteries. Most of the experiments confirmed a decrease in the inner diameter together with remodeling of the arterial wall in small arteries in long-term hypertension Lee 1997, Mulvany et al. 1996) .
The calculation of the CSAs of endothelial and muscle cells and extracellular matrix in TA based on their volume densities (proportional representation) proved that the mass (CSAs) of these components in the arterial wall was increased in both strains during ontogeny but with different intensities. Quantitative analysis revealed that hypotrophy of the thoracic aorta observed in the prehypertensive period of SHRs is evoked by a decreased mass of all the above components of the arterial wall. While the CSA of the smooth muscle and CSA of the extracellular matrix in the aorta reached or overcame the control value between the 9 th and 17 th weeks of age, the CSA of endothelial cells (absolute value) was in the 17 th week of age, still below the control value.
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In 52-week-old SHR, the CSAs of all components significantly overcame the control values. In contrast to the aorta in carotid artery (Kristek 2000) , the CSA of all components was significantly increased in 9-week-old SHRs compared to that in Wistar rats. The morphological findings are in good agreement with the results of functional studies. Contractile responses of the thoracic aorta to noradrenaline compared to that of Wistar rats were decreased in the prehypertensive period of SHRs (Torok et al. 2006, Zemancikova and Torok 2013) . Because the sensitivity of smooth muscle cells to noradrenaline was not changed during this ontogeny period (Cacanyiova et al. 2016) , we suggest that the decreased contractile force of the thoracic aorta could be due to hypotrophy of the smooth muscle. Diminished contractile responses of the thoracic aorta persist until approximately 12 weeks of age. Flexibility of the arterial wall depends on the harmony between endothelial functions and smooth muscle responsiveness. We suggest that decreased contractility and endothelial hypotrophy in the early ontogeny periods could be an inherent adaptive mechanism. Despite the decreased mass of EC in TA until adulthood, SHRs are very probably not NO deficient. Most authors suggest the overproduction of NO as a compensatory mechanism against blood pressure increase ( Ulker et al. 2003) . Likewise, the chronic increase of the NO level due to the long-term administration of NO donors did not evoke a beneficial effect on the arterial structure in adult SHRs (Kristek et al. 2003) . Moreover, a fully functional NO system has been observed in spontaneously hypertensive rats already in the prehypertensive period (Gerova et al. 2002 , Puzserova et al. 2014 and adult (28 weeks old) SHRs (Ulker et al. 2003) . Nevertheless, in SHRs, the effectivity of NO can be decreased by the overproduction of superoxides (Tang et al. 2007) . We suggest that the hypotrophy of ECs in early ontogeny and in young SHRs (3 and 9 weeks old) could be one of the reasons for the ambiguity of endothelium-dependent relaxations of the thoracic aorta to acetylcholine (Ajay and Mustafa 2006, Behr-Roussel et al. 2005) , especially in experiments using SHRs of variable age. The decreased mass of ECs observed only in TA and due to this possible (if any) decrease in endogenous NO production in aorta could be replaced by ECs of other conduit arteries or from other sources e.g. by NO-synthase-independent nitrate production (Zhao et al. 2012) or with the ability of endothelial cells to release vasoactive compounds such as hydrogen sulphide.
In summary. The study revealed differences in the remodeling of the conduit arteries during the development of hypertension in SHRs. In prehypertensive period of SHR (3 weeks of the age) hypotrophy of TA, normotrophy of CA, and hypertrophy of IA was observed. Thus, it is impossible to exactly predict the consequences in an individual arterial wall evoked by blood pressure changing and vice versa. Along with blood pressure elevation arterial wall area increases and in adult SHR (17 and 52 weeks old) it was hypertrophied in all arteries studied. We suggest that different modes of alteration during the ontogeny of SHRs (from the prehypertensive period to late adulthood) reflect the flexibility of individual parts of the arterial tree to the different needs of the supplied areas.
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